Caulobacter flavus RHGG3 T , a novel type species in the genus Caulobacter, originally isolated from rhizosphere soil of watermelon (Citrullus lanatus), has the ability to improve the growth of watermelon seedling and tolerate heavy metals. In vitro, C. flavus RHGG3
Introduction
Plant growth-promoting rhizobacteria (PGPR) are well known for their abilities to promote plant growth and enhance the tolerance of plants to stressors, such as heavy metals, drought, salt, and pathogens (Bhattacharyya and Jha 2012; Xie et al. 2018; Zhang et al. 2017) . PGPR are able to promote plant growth directly or indirectly through a combination of mechanisms, including nitrogen fixation, phosphate solubilization, biosynthesis of siderophores, plant growth hormones [indole-3-acetic acid (IAA)], hydrolytic enzymes, various antibiotics, as well as the induction of plant resistance (Qin et al. 2009 (Qin et al. , 2017 Wang et al. 2015) . These functional properties are critical when considering the formulation of biofertilizers, which may be an advantage due to less environmental pollution than chemical applications.
In our previous study, a Gram-stain-negative, yellowpigmented bacterium strain RHGG3
T was isolated from rhizosphere soil of cultivated watermelon (Citrullus lanatus) collected from Hefei, China, and identified as a novel species Caulobacter flavus RHGG3 T using a polyphasic approach (Sun et al. 2015) . The genus Caulobacter, which belongs phylogenetically to the family Caulobacteraceae, contains 11 species with validly published names (Moya et al. 2017; Sun et al. 2017) . Members of the genus Caulobacter have the ability to tolerate uranium, copper and chlorophenols (Ash et al. 2014; Hu et al. 2005; Yung et 
2015)
. However, information on the plant growth-promoting traits of Caulobacter spp. from rhizosphere, their capacities and mechanisms in plant growth promotion and tolerance to heavy metals is relatively scarce (Pereira et al. 2016) . Notably, C. flavus RHGG3 T produces IAA (11.58 mg L −1 ) and solubilizes phosphorus (80.56 mg L −1 ), suggesting its potential in plant growth promotion (Table 1) . Based on IAA production and phosphate solubilization abilities, the plant root elongation promoting activity of strain RHGG3
T was tested using the modified root elongation assay described by Belimov et al. (2005) . Two milliliters of the bacterial suspension (5 × 10 7 cells mL −1 ) or sterile water (uninoculated control) was added to glass Petri dishes containing filter paper. The watermelon seeds were surfacesterilized with 10% (v/v) H 2 O 2 for 20 min, washed in sterile water, and placed on wetted filter paper. The assay was performed three times with three dishes (four seeds/dish) for each treatment. Root length and the number of lateral roots of the seedlings were measured after a 7-day incubation at 28 °C in the dark. Inoculation with strain RHGG3
T resulted in a significant increase in shoot length, root length and the total number of lateral roots by 22.1%, 43.7% and 55.9%, respectively (Table 1 ). In addition, strain RHGG3
T showed resistance to multiple heavy metals (copper, zinc, cadmium, cobalt and lead) ( Table 2) , and tolerated Cu 2+ concentrations up to 0.2 mg mL −1 on GMSB agar (Sun et al. 2015 ). We performed whole-genome sequencing of strain RHGG3
T to obtain detailed genetic information of C. flavus RHGG3
T with plant growth-promoting and heavy metal resistance abilities. Genomic DNA was extracted using the conventional phenol/chloroform/isoamyl alcohol (25:24:1) extraction method. The efficiency of the DNA extraction was tested using 1.0% agarose gel electrophoresis, and concentration and purity were determined with a TBS-380 spectrophotometer. An 8-10-kb DNA fragment library was constructed according to the manufacturer's instructions and sequenced on the PacBio RSII sequencing platform with a SMART cell (MajorBio Co., Shanghai, China). The filtered subreads (1,202,099,079 bp) with 214-fold genome coverage were assembled de novo using the hierarchical genomeassembly process (HGAP 3.0) (Chin et al. 2013) .
Glimmer 3.0 (Delcher et al. 2007 ) was used to predict the protein-coding genes (open reading frames). The ribosomal RNA (rRNA) genes were predicted using Barrnap 0.4.2. The tRNA genes were predicted using tRNAscan-SEv1.3.1 (Lowe and Eddy 1997) . Gene annotation was carried out by BLASTP search against the non-redundant GenBank protein database (http://www.ncbi.nlm.nih.gov/prote in), Swiss-Prot database, the Clusters of Orthologous Groups of proteins (COG) database (http://www.ncbi.nlm.nih.gov/COG), and the KEGG database (http://www.genom e.ad.jp/kegg). Further annotation was performed using the online RAST server online (Aziz et al. 2008 ). The circular genome was drawn using Circos v 0.64 (Krzywinski et al. 2009 ).
The genome of C. flavus RHGG3 T contained a 5,659,202 bp circular chromosome (69.25% G + C content), including 5172 predicted protein-coding genes, 9 rRNA genes, and 55 tRNA genes (details can be seen in Table 3 ; Fig. 1 ). It is notable that C. flavus is the first completely sequenced Caulobacter genome to have three rRNA operons. A total of 2957 identified genes were classified into functional categories according to the COG designations (Tatusov et al. 2000) , and the results were as follows: two genes for 'chromatin structure and dynamics', 164 genes for 'translation, ribosomal structure and biogenesis', 200 genes for 'transcription', 138 genes for 'replication, recombination and repair', 22 genes for "cell cycle control, cell division, chromosome partitioning", 192 genes for 'cell wall/membrane/envelope biogenesis', 59 genes for 'cell motility', 136 genes for 'posttranslational modification, protein turnover and chaperones', 168 genes for 'signal transduction mechanisms', 92 genes for 'intracellular trafficking, secretion, and vesicular transport', 35 genes for 'defense mechanisms, 179 genes for 'energy production and conversion', 226 genes for 'amino acid transport and metabolism', 70 genes for 'nucleotide transport and metabolism', 168 genes for 'carbohydrate transport and metabolism', 92 genes for 'coenzyme transport and metabolism', 168 genes for 'lipid transport and metabolism', 190 genes for 'inorganic ion transport and metabolism', 110 genes for 'secondary metabolites biosynthesis, transport and catabolism', 215 genes for 'general function (2) protein-coding genes on the forward strand, (3) protein-coding genes on the reverse strand, (4) rRNA operon and tRNA genes, (5) GC content, and (6) GC skew. Circles 2 and 3 are open reading frames encoded by leading and lagging strands, respectively, with color codes for the COG functional categories: A, RNA processing and modification; B, chromatin structure and dynamics; J, translation, ribosomal structure and biogenesis; K, transcription; L, replication, recombination and repair; D, cell cycle control, cell division, chromosome partitioning; M, cell wall/membrane/envelope biogenesis; N, cell motility; O, posttranslational modification, protein turnover, chaperones; T, signal transduction mechanisms; U, intracellular trafficking, secretion, and vesicular transport; V, defense mechanisms; Z, cytoskeleton; C, energy production and conversion; E, amino acid transport and metabolism; F, nucleotide transport and metabolism; G, carbohydrate transport and metabolism; H, coenzyme transport and metabolism, I, lipid transport and metabolism; P, inorganic ion transport and metabolism; Q, secondary metabolite biosynthesis, transport and catabolism; R, general function prediction only; and S, function unknown prediction only' and 331 genes for 'function unknown' (Table S1) . We identified genes involved in nutrient availability as well as IAA, phenazine, volatile compounds, spermidine, and cobalamin production in the C. flavus RHGG3 T genomic sequence (Table 4) . Few studies have investigated the function and mechanism of plant growth promotion in Caulobacter species. However, C. flavus RHGG3 T enhanced plant growth through the production of IAA (Table 1) . A sequence analysis of the C. flavus RHGG3 T genome also indicated the existence of genes responsible for IAA production, such as the tryptophan biosynthesis gene cluster (trpABCDEFGRS). The C. flavus RHGG3
T genome also encoded glucose dehydrogenase (gcd), polyphosphate kinase [EC 2.7.4.1] (ppk), phosphate inorganic transporter (pit), phytase (phy) and nitrogenase (fikK), which increase plant phosphorus and nitrogen uptake abilities (Table 4) . Glucose dehydrogenase is critical in the production of gluconic acid which is the major mechanism for phosphate solubilization in bacteria (Achal et al. 2007 ). Besides IAA, volatiles (acetoin and 2,3-butanediol) produced by bacteria can promote plant growth (Ping and Boland 2004) . Acetolactate synthase (alsS) and acetolactate decarboxylase (alsD) catalyze the reaction from pyruvate to acetoin, and then acetoin is converted to 2,3-butanediol, either by the bacteria or by the host plant (Ryu et al. 2003) . Moreover, the C. flavus RHGG3 T genome contained genes encoding acetolactate synthase (alsS), transcriptional regulator (alsR), and the acetoin utilization protein (Table 4) . Antibacterial compounds, such as phenazine produced by PGP bacteria, inhibit pathogenic microbes and promote plant growth (Chen et al. 2015; He et al. 2012) . The plant growth regulator spermidine has newly found roles in plant growth and the response to various abiotic stressors such as salt, drought, cold and oxidative stress (Alcazar et al. 2011) . Additionally, C. flavus RHGG3 T contained gene clusters responsible for spermidine/putrescine ABC transporter permease (potABCD), phenazine and cobalamin.
Based on the annotation, many genes involved in heavy metal resistance were identified in the C. flavus RHGG3 T genome, including those encoding copper resistance proteins, multicopper oxidase, a cation transporter, and multiple heavy metal efflux pumps for cadmium, zinc and cobalt (Table 5 ). The C. flavus RHGG3 T genome also contained czcCBA operons, including outer membrane protein genes (czcC), inner membrane protein genes (czcA), and membrane fusion protein genes (czcB) and czcD genes ( Table 5 ). The efflux transporter protein czcCBA exports cobalt/zinc/cadmium cations from both the cytoplasm and the periplasm to outside of the cell to protect the cell from heavy metal stress (Vaccaro et al. 2016) .
The general features of C. flavus RHGG3 T and some other Caulobacter genomes are summarized in Table 6 . Genomes in the genus Caulobacter showed a high G + C content ranging from 65.8 to 69.3% (Table 6 ). The genome sizes of the 9 strains of Caulobacter ranged from 3.96 to 5.89 Mb, with 3630-5378 predicted genes (Table 6 ). Strain Caulobacter sp. K31 had the largest genome size and the maximum number of predicted genes, whereas strain C. henricii CB4 T had the smallest genome size and the minimum number of predicted genes. Strains C. henricii CB4 T contained one plasmid, while strain Caulobacter sp. K31 contained two plasmids. These differences in genome size suggest that the evolution of Caulobacter is coupled with different levels of horizontal gene transfer, including gene insertion and deletion.
In summary, C. flavus RHGG3 T contained genes related to the promotion of plant growth and stress tolerance, such as phosphate solubilization, nitrogen fixation, production and utilization of IAA, acetoin, and spermidine, as well as the tolerance to heavy metals. Our findings provide a good explanation for the growth promotion of plants and resistance to heavy metals in plants. This is the first report on the complete genome sequence of the type strain C. flavus RHGG3 T . The detailed analysis of the complete C. flavus RHGG3
T genome sequence provides a molecular basis for biotechnological exploitation and applications in the field of agriculture and the environment.
Nucleotide sequence accession numbers and culture deposition
The whole-genome sequence of C. flavus RHGG3 T is available in the GenBank database under accession number CP026100. The strain has been deposited into the general collection of microorganism of the Korean Collection for Type Cultures (KCTC) under accession number KCTC42581 
